We investigate the effect of boron (B) catalytic impurity doping (Cat-doping), a low-temperature doping method by exposing to catalytically generated dopant radicals, on hydrogenated amorphous silicon (a-Si:H) films and the influence of the electrical properties of indium tin oxide (ITO) films on the tunneling conduction of carriers through the ITO/a-Si:H interfaces. The usage of ITO films with higher carrier density and B Cat-doped a-Si:H films formed with the addition of H 2 enhances carrier tunneling through the a-Si:H/ITO interfaces. We also evaluate the current density-voltage (J-V) characteristics of Si heterojunction (SHJ) solar cells with a B Cat-doped a-Si:H layer as an emitter layer. In the case of B Cat-doping with the addition of H 2 , we obtain a SHJ solar cell which shows a conversion efficiency (η) of 12.6% and an open-circuit voltage (Voc) of 617 mV. The postannealing of the SHJ cells is effective to improve their Voc and η. These results will lead to the application of B Cat-doping on heterojunction back-contact solar cells in the future.
I. INTRODUCTION
Photovoltaic (PV) technology has been developed as alternative energy to fossil fuel, and solar cells based on crystalline silicon (c-Si) wafers are being the most commercialized ones in the PV market. In recent years, Si heterojunction (SHJ) solar cells, consisting of hydrogenated amorphous Si (a-Si:H)/c-Si heterojunctions, have attracted attention, owing to their high conversion efficiency originating from the high-quality passivation of c-Si surfaces by a-Si:H films. [1] [2] [3] [4] [5] [6] [7] In particular, heterojunction back-contact (HBC) solar cells, in which all the electrodes and p-n junctions are formed on the rear side, exhibit extremely high conversion efficiencies due to the reduction of optical loss as well as the good surface passivation, and a HBC solar cell with a conversion efficiency of 26 .7% has been demonstrated very recently. 8 However, the fabrication of HBC solar cells, in general, requires more process steps than conventional SHJ cells, particularly for the patterning of doped a-Si:H films and metal electrodes. This increases their process cost and is thus a critical issue for the industrialization of the HBC cells. Simple patterning methods for the fabrication of HBC cells will therefore be needed.
Catalytic impurity doping (Cat-doping) [9] [10] [11] [12] [13] [14] [15] [16] [17] is a doping method of exposing Si samples to boron (B) or phosphorus (P)-related radicals generated through catalytic reaction on a heated catalyzing wire in a catalytic chemical vapor deposition (Cat-CVD) [18] [19] [20] [21] [22] [23] [24] apparatus. B or P Cat-doping can form an ultrathin (∼10 nm) doping layer on a c-Si surface, which can provide field-effect passivation and effectively suppress the surface recombination of minority carriers on the Si surface. 9, 10, [12] [13] [14] It should be emphasized that Cat-doped layers can be formed at temperatures below 200 ○ C and do not require any additional postannealing for the activation of the introduced dopants. Cat-doping can thus be utilized for the fabrication process of SHJ solar cells. 13 Cat-doping is applicable not only to c-Si wafers but also to a-Si:H films: intrinsic a-Si:H (i-a-Si:H) films can be converted to p-type a-Si:H (p-a-Si:H) or n-type a-Si:H (n-a-Si:H) films. 16, 17 B and P atoms in a Cat-doped a-Si:H layer exist in the vicinity of the surface (∼10 nm), and p/i or n/i a-Si:H stacks can be easily formed by exposing ∼20 nm-thick i-a-Si:H to catalytically generated B-or P-related radicals. 16 If the partial formation of doped a-Si:H films is realized by Cat-doping, e.g., through a hard mask, it can be a simple patterning method for the fabrication of HBC ARTICLE scitation.org/journal/adv cells. 25 We have thus far demonstrated the operation of a SHJ solar cell containing a B Cat-doped a-Si:H layer with a conversion efficiency of 6.28% [a short-circuit current density (Jsc) of 27.5 mA/cm 2 , an open-circuit voltage (Voc) of 402 mV, and a fill factor (FF) of 0.568]. 17 The performance of the SHJ cell with a B Cat-doped a-Si:H emitter is much worse than conventional ones with a deposited p-a-Si:H film. This may be due to the imperfect electrical characteristics of a-Si:H/ITO interfaces and insufficient B concentration in the B Cat-doped a-Si:H, particularly for such low values of Voc and FF.
More built-in potential may be needed for an increase in Voc, and more effective tunneling conduction of carriers through the ITO/B Cat-doped a-Si:H is necessary for higher FF.
In this work, we investigate the effect of B Cat-doping on the tunneling conduction of carriers through ITO/a-Si:H interfaces for application to SHJ solar cells. The conditions of ITO deposition and B Cat-doping are systematically changed. We also fabricate and characterize SHJ solar cells with a B Cat-doped a-Si:H layer and demonstrate a SHJ cell with Voc > 600 mV.
II. EXPERIMENTAL METHODS
A. Electrical properties of ITO/a-Si:H stacks a-Si:H films with a thickness of ∼16 nm were deposited on 20 × 20 × 0.3 mm 3 -sized p-type c-Si substrates with a resistivity of 0.01-0.1 Ω cm by Cat-CVD under the conditions summarized in Table I . c-Si substrates were immersed in 5 wt. % HF for 30 s and then in 4 wt. % H 2 O 2 for 30 s to prevent epitaxial growth during the a-Si:H deposition. 26 The a-Si:H samples were put in 30 wt. % H 2 O 2 for 10 min immediately after the a-Si:H deposition to prevent the etching of a-Si:H films during Cat-doping, in which a large number of H radicals exist in vapor phase. B Cat-doping was conducted on the a-Si:H films under the conditions summarized in Table I , in which the H 2 flow rate was systematically changed. Note that an actual substrate temperature is ∼200 ○ C in the case of a holder temperature (T holder ) of 350 ○ C. The a-Si:H samples after B Cat-doping were then immersed in 5 wt. % HF for 30 s to remove oxide layers on the surface. Indium tin oxide (ITO) films were deposited at 100 or 200 ○ C by sputtering on the a-Si:H films, and Al electrodes were formed by thermal evaporation on both sides of the samples. Finally, the samples were annealed in a furnace for 7 h under N 2 atmosphere to form an ohmic contact between c-Si and Al. The current density-voltage (J-V) characteristics of the samples were measured using a semiconductor parameter analyzer. The schematic of the completed samples is shown in Fig. 1 . In this structure, a tunneling current flows through the ITO/B Cat-doped a-Si:H interface particularly under the negative bias application. We also fabricated and characterized the samples without ITO films for comparison to confirm that the a-Si:H/ITO interfaces limit the J-V characteristics of the samples. The electrical properties of ITO films were separately characterized by the Hall effect measurement using ITO films directly formed on glass substrates. Table II . The a-Si:H samples were immersed in 30 wt. % H 2 O 2 for 10 min immediately after the a-Si:H deposition, as also mentioned in Sec. II A. 26 B Cat-doping was conducted on the 16 nm-thick a-Si:H films under the conditions summarized in Table II , in which the H 2 flow rate was changed. To confirm the presence or absence of the deposition of a-Si:H, e.g., from the chamber wall, during B Cat-doping, bare quartz glass substrates were exposed to B Cat-doping and their optical transmittance spectra were measured. After the samples receiving B Cat-doping were immersed in 5 wt. % HF for 30 s, 7 nm-thick n-a-Si:H films were deposited on 10 nm-thick i-a-Si:H films by Cat-CVD. Because a few hours have passed since the deposition of n-a-Si:H films, the samples were again immersed in 5 wt. % HF for 30 s, and 77 nmthick ITO films were then deposited on both sides of the samples by sputtering under the conditions summarized in Table II . Combshaped Ag electrodes were printed on both sides of the samples by screen printing and then the samples were annealed at 200 ○ C for 1 h in air. The schematic of the SHJ cells is shown in Fig. 2 . We also fabricated a SHJ solar cell without a p-type emitter layer as a reference sample to clearly observe the effect of B Cat-doping on i-a-Si:H on the device performance. The J-V characteristics of the SHJ cells were measured under air mass 1.5 light illumination with an irradiance of 100 mW/cm 2 from the p-a-Si:H side. In addition, the completed SHJ solar cells with a B Cat-doped a-Si:H layer were annealed at 200 ○ C for 5-20 h in air, and the J-V characteristics were measured after the postannealing. resistivities of ITO films are sufficiently low (∼10 −4 Ω cm), which do not limit the overall resistivity of the samples. Therefore, the J-V characteristics of the samples, whose structure is described in Fig. 1 , are limited solely by the tunneling conduction through the a-Si:H/ITO interface. Figure 4 shows the J-V characteristics of ITO/B Cat-doped a-Si:H/p-c-Si/Al structures, together with those of the samples receiving no B Cat-doping for comparison. The structures with B Catdoping show larger conductivity than those without B Cat-doping. Furthermore, it is suggested that the usage of ITO films deposited at 200 ○ C leads to a larger tunneling current. The carrier concentration in ITO films is increased by preparing the films at a higher temperature, as summarized in Table III . Similar tendency has also been reported by Kim et al. 27 This may explain the improvement in the tunneling conduction by using ITO films prepared at a higher temperature. More carrier density in the ITO films, in other words, a higher Fermi level position with respect to the conduction band edge of ITO, improves the tunneling of carriers through the interface. The addition of H 2 during B Cat-doping on a-Si:H films also enhances the tunneling conduction. This is reasonable since the conductivity of an a-Si:H film B Cat-doped with H 2 addition is 1.3 × 10 −7 S/cm, which is much larger than that of an a-Si:H film B Cat-doped without H 2 addition of 1.0 × 10 −8 S/cm. 16 B. SHJ solar cells with a B Cat-doped a-Si:H layer Figure 5 shows the J-V characteristics of SHJ solar cells without and with a B Cat-doped a-Si:H layer with and without the addition of H 2 during B Cat-doping. We fabricated a SHJ solar cell without a p-type emitter layer as well, the J-V characteristics of which are also shown in Fig. 5 . The areas for the SHJ solar cells of the blue, red, and black lines in without a p-type emitter layer shows the photovoltaic effect, as also reported by Fujiwara et al. 28 The junction between n-type c-Si and intrinsic a-Si:H may work like a p-n junction. B Cat-doping forms a p-type emitter layer on the a-Si:H surface, and the B Cat-doped layer highly improves Voc and FF. Voc and FF are increased more effectively by B Cat-doping in the case of adding H 2 during B Cat-doping. This is probably because of improved doping efficiency 16 resulting from more effective decomposition of B 2 H 6 molecules through vapor phase reaction with H radicals. 29 The improvement in Voc may indicate the enlargement of built-in potential in the p-n junction, and the improvement in FF is probably due to more efficient carrier tunneling through the a-Si:H/ITO interfaces. Figure 6 shows the optical transmittance spectra of quartz glass substrates before and after exposure to B Cat-doping. One can see no significant change in the transmittance spectra by B Cat-doping. This clearly indicates that the deposition of p-a-Si:H from a chamber wall did not occur during B Cat-doping, and the improvement in the performance of SHJ solar cells is owing to the doping of B atoms on i-a-Si:H films. much better than those of a SHJ cell with a B Cat-doped layer, which we have reported previously, 17 and are comparable to those of SHJ cells using deposited p-a-Si:H films fabricated in our group. 13, 26, 30 In this study, we have demonstrated the feasibility of B Catdoping to form a p-a-Si:H emitter layer for conventional SHJ solar cells. If the B Cat-doping is performed on an a-Si:H film through a hard mask, pattered p-a-Si:H regions may be partially formed without photolithography. The Cat-doping process may thus be applicable to the simple formation process of patterned doping regions in HBC solar cells.
III. RESULTS AND DISCUSSION

A. Tunneling conduction through a-Si:H/ITO interfaces
IV. CONCLUSIONS
We investigated the improvement in the tunneling conduction through the ITO/B Cat-doped a-Si:H interfaces and the performance of SHJ cells with a B Cat-doped a-Si:H layer. ITO films deposited at 200 ○ C and B Cat-doped a-Si:H films with H 2 provide effective carrier tunneling through the ITO/a-Si:H interfaces. SHJ solar cells with a B Cat-doped a-Si:H layer with the addition of H 2 during B Cat-doping show better performance than those without H 2 addition. The postannealing of the SHJ cells for 5 h improves Voc and η. As a result, in the case of B Cat-doping with H 2 , we demonstrated SHJ solar cells with a B Cat-doped a-Si:H layer with η = 12.6%, Jsc = 32.7 mA/cm 2 , Voc = 617 mV, FF = 0.625. The p-a-Si:H formation by B Cat-doping will be applied to the fabrication process of HBC solar cells.
